Previously isolated lactic acid bacteria (LAB) from seafood products have been investigated for their capacity to increase the sensory shelf life of vacuum-packaged shrimp and cold-smoked salmon and to inhibit the growth of three pathogenic bacteria. Two different manufactured batches of cooked, peeled, and vacuum-packaged shrimp were inoculated with seven LAB strains separately at an initial level of 5 log CFU g
Among the ready-to-eat (RTE) foods, seafood products like cooked and peeled shrimp or smoked fish are gaining more and more attention from consumers. France is Europe's second largest shrimp market after Spain, with 100,000 metric tons imported in 2006, corresponding to the largest import value for seafood products, before salmon (4, 12) . Eighty-two percent is raw/frozen tropical shrimp (Penaeus spp.), which is cooked by local factories and distributed either unpeeled or decorticated and stored under modified atmosphere (3) . France is also the largest worldwide producer of cold-smoked salmon (CSS) with 26,000 metric tons in 2005 (data from the French Agricultural and Fisheries Ministry). These two kinds of products are distributed under vacuum or modified atmosphere packaging at chilled temperature (between 2 and 5ЊC). In France, preservatives (nitrates, sulfates, or sorbate) can be added to enhance the shelf life of cooked products but are forbidden in smoked fish (5) . The microflora of these products is complex and seems to be mainly associated with processing manipulations. The microbiology of CSS has been extensively studied over recent years. Lactic acid bacteria (LAB) generally dominate the microflora at the end of the storage, but Enterobacteriaceae and Photobacterium phosphoreum can also make up a significant proportion (17, 25, 34, 41, undesirable (spoiling or pathogenic) microflora (54) . It is used in the context of hurdle technology, a concept combining several nonaggressive preservatives to establish an additive antimicrobial effect, thus improving the safety and the sensory quality of food (39) . Most of the studies performed to test the activity of biopreservative LAB in refrigerated meat products (15, 65) and fish products (14, 66) have focused on their activity against Listeria monocytogenes. Various genera have been proposed for these applications, e.g., Carnobacterium, mostly in seafood (14) , and Lactobacillus (65) and Leuconostoc (15) in meat, while Lactococcus species are already being used in dairy products (28, 50) and minimally processed vegetables (35) . However, only a small number of studies concern the inhibition of spoiling microflora in all these products. The aim of this study was to evaluate the effect in two seafood products of seven previously isolated LAB strains that have shown inhibiting effects in model medium against a wide range of spoiling and pathogenic bacteria (43) . Their biopreservative potential and their spoiling activity were tested on cooked, vacuum-packaged shrimp. Sensory analysis was carried out to determine if the selected strains inoculated on the product enhanced the sensory shelf life while not being detected by the panelists in unspoiled products. The four strains showing the best sensory analysis results on shrimp were then tested on CSS following the same protocol. Challenge tests with LAB and the pathogenic bacteria Listeria monocytogenes, V. cholerae, and S. aureus were also performed to determine whether the inhibiting activity recorded on agar plates was observed in a product.
MATERIALS AND METHODS
Strains and culture conditions. The seven LAB strains used in this study (Leuconostoc gelidum EU2213, EU2247, and EU2262; Lactococcus piscium EU2229 and EU2241; Lactobacillus fuchuensis EU2255; and Carnobacterium alterfunditum EU2257) had been previously selected and identified for their inhibiting capabilities against pathogenic and spoiling flora of seafood products (43) . These strains are part of the HURDLETECH Collection (Ifremer, Nantes, France) established during the European SEAFOODplus program.
Pathogenic strains used for challenge tests were Listeria monocytogenes EU 2160 isolated from CSS (HURDLETECH collection), S. aureus CIP 76.25 (Institut Pasteur, Paris, France), and V. cholerae RF 184 isolated from raw shrimp (Ifremer, Nantes, France).
LAB and pathogenic strains were stored frozen in Elliker broth (Biokar Diagnostics, Beauvais, France) and brain heart infusion broth (Biokar), respectively, containing 10% (vol/vol) glycerol (Panreac Quimicia SA, Barcelona, Spain) at Ϫ80ЊC. LAB strains were subcultured twice in Elliker broth at 15ЊC for 72 h before biopreservative assays. Pathogenic strains were subcultured twice in modified Elliker medium (without sucrose and with a final NaCl concentration of 2%) at 20ЊC for 24 h before inoculation assays.
Effect of LAB strains on the microbial and sensory quality of vacuum-packaged shrimp and CSS. Two batches of frozen shrimp were obtained from two different French manufacturers and designated batch M and batch U. Batch M (Penaeus vannamei) was constituted of farmed, frozen, beheaded, and peeled shrimp. They were cooked in our laboratory without previous thawing for 2 min 30 s in boiling water with 20% salt (wt/vol). Batch U, consisting of wild unpeeled shrimp (Penaeus spp.), was cooked under the same conditions for 4 min 30 s, and then the shrimp were beheaded and peeled. After cooking, both batches were put in melting ice (0ЊC) supplied with 10% salt for cooling.
Seven inhibiting LAB strains were tested during this experiment, as summarized in Table 1 . Cells were pelleted and washed in the same volume of physiological water (1 g liter Ϫ1 tryptone [Biokar]-8.5 g liter Ϫ1 NaCl) and then diluted 1/20 in physiological water. Each LAB strain was inoculated separately in 500 g of shrimp from each batch by spraying both sides with 2% (vol/wt) of the diluted culture to obtain an estimated inoculation level of 5 log CFU g Ϫ1 . For each batch of shrimp, a control was prepared by spraying physiological water instead of the LAB strain. Shrimp were then vacuum packaged using a Multivac A300/16 machine (Hagenmüller, Wolfertschwenden, Germany) and 90-m-thick PA/PE bags (Sacpo, St Méen le Grand, France). Each bag contained four to five shrimp, for a total weight of approximately 25 g. Samples were stored at 8ЊC for 28 days. Microbial analyses 
X X a X, inoculum was used in this sample.
were performed at days 1, 7, and 28, and sensory analyses were performed at days 7 and 28. Farmed Norwegian vacuum-packaged sliced CSS (without skin and freshly processed) was bought from a local factory for biopreservation assays. Four LAB strains were tested during this experiment as summarized in Table 1 , i.e., Lactococcus piscium EU2229 and EU2241 and Leuconostoc gelidum EU2247 and EU2262, by using the same inoculation method as for the shrimp experiments. Samples were incubated for 28 days under the following conditions: 1 week at 4ЊC, 2 weeks at 6ЊC, and 1 week at 10ЊC, according to the French producer's recommendations for shelf life validation. Microbial analyses were carried out at days 0, 14, and 28, and sensory analyses were carried out at days 14 and 28.
Challenge test for pathogenic flora. Previously peeled and frozen shrimp (Penaeus vannamei) were obtained from the same manufacturer as batch M, cooked as described above, and designated batch P.
Three pathogenic strains (Listeria monocytogenes EU2260, V. cholerae RF 184, and S. aureus CIP 76.25) were used during this experiment as summarized in Table 1 . The cells from three subcultures were washed in physiological water, and 1 volume of Listeria monocytogenes was mixed with the same volume of V. cholerae. Six batches of shrimp were inoculated separately as described above, first with a 1% (vol/wt) concentration of a pathogenic culture (either S. aureus alone or a mixture of Listeria monocytogenes and V. cholerae) and 1 h later with a 1% (vol/wt) concentration of a biopreservative LAB culture (Lactococcus piscium EU2241 or Leuconostoc gelidum EU2247) or physiological water. The different combinations of pathogenic/bioprotective bacteria are presented in Table 2 . Shrimp were then vacuum packaged and stored at 8ЊC for 4 weeks followed by 1 week at 20ЊC.
Microbiological analysis. At 1, 7, and 28 days of storage, shrimp samples from batches M and U were analyzed for microbiological content. Shrimp were aseptically diluted (1/5) in physiological water and homogenized in a stomacher 400 (Seward Medical, London, UK) for 2 min. After 25 min at room temperature, total mesophilic flora was enumerated on spread plate count agar (Biokar), LAB flora was enumerated on spread Elliker plates (Biokar), total psychrotrophic fish flora was enumerated on spread Long and Hammer plates (LH) (64) , and finally Enterobacteriaceae were determined by pouring 1 ml of dilution onto Caso plates (Merck, Darmstadt, Germany) covered with violet red bile glucose agar (Oxoid Ltd., Basingstoke, England). Violet red bile glucose agar and plate count agar plates were incubated for 72 h at 30ЊC. LH plates were incubated for 5 days at 15ЊC, and Elliker plates were incubated in the same way, but under anaerobic conditions. All experiments were conducted in duplicate.
Pathogenic bacteria were enumerated weekly from batch P. Listeria monocytogenes was enumerated on Palcam agar plates according to the ISO NF EN 11290-2 method (8). V. cholerae was enumerated on spread plates of thiosulfate-citrate-bile-sucrose agar plates (Oxoid). S. aureus was enumerated on Baird-Parker agar plates (Biokar) according to the ISO NF V08-057-2 method (7). All experiments were conducted in triplicate.
The microbiology of inoculated CSS was analyzed. Just after inoculation, levels of LAB were enumerated as described above. After 4 weeks of storage, Lactobacillus spp., B. thermosphacta, Enterobacteriaceae, total psychrotrophic viable count, yeasts, and molds were enumerated according to the method described by Leroi et al. (42) . Total LAB were enumerated on spread Elliker agar plates.
Sensory analysis. The odors of CSS and shrimp were characterized by 10 and 7 trained panelists, respectively, according to a conventional profile (QDA) following ISO NF13299 (6) . Odor attributes used for smoked-salmon description had been selected and presented in previous studies (32, 58) . For shrimp odor evaluation, 13 descriptors were chosen by a preliminary sensory analysis panel after a selection procedure of four steps: (i) sensory description of four different commercial shrimp samples, stored under air or vacuum packaged, by each panelist with free vocabulary; (ii) analysis of the frequency of each criterion proposed by the panelists; (iii) discussion with the panel to reach a consensus on criteria selection and definition; (iv) training session on four samples stored for 0 to 13 days at ϩ4ЊC, followed by a discussion of the results with the panel.
After this training period, all the sensory sessions took place in individual testing booths according to ISO NF 8589 (9) equipped with a computerized system using Fizz 2.30C software (Biosystèmes, Couternon, France). Panelists were required to score each descriptor on an unstructured scale anchored by the terms ''low intensity'' (score of 0) and ''high intensity'' (score of 10). They received eight shrimp samples (seven inoculated with a strain and one control) and five CSS samples (four inoculated and one control). Products were assigned three-digit numbers, randomized, and presented simultaneously to the panelists, after 15 min at room temperature. At the end of the evaluation, each panelist identified the level of spoilage of their sample: NS, nonspoiled; LS, lightly spoiled; or SS, strongly spoiled.
Data processing. Summary statistics (mean, standard deviation, minimum, and maximum), analysis of variance, and Duncan's multiple-range test were performed using Statgraphics Plus 3.1 software (Sigma Plus, Paris, France). The significant statistical level was set at P values of Ͻ0.05. Principal component analysis with standardization was performed on the means of the scores for each sensory descriptor. For levels of spoilage (NS, LS, and SS), results were subjected to a correspondence factorial analysis (CFA). Multivariate data processing was performed with Uniwin Plus 3.02 software (Sigma Plus).
RESULTS
Inoculated LAB strains in shrimp and CSS. Initial endogenous LAB levels in the three batches of shrimp, M, U, and P (not inoculated), were below the detection level of 2.7 log (500 CFU g Ϫ1 ).
In inoculated samples, LAB levels were around 5 to 6 log CFU g Ϫ1 for each strain as expected. At day 7, LAB levels reached 4 log CFU g Ϫ1 in control samples of batches M and U and 7 log CFU g Ϫ1 in FIGURE 1. batch P, whereas levels in all inoculated samples were around 9 log CFU g
Ϫ1
, indicating that the biopreservative LAB strain was dominant. At day 28, LAB levels in all samples (noninoculated controls and inoculated samples) were between 8 and 9 log CFU g Ϫ1 . In CSS just after inoculation, LAB flora levels were around 6 log CFU g Ϫ1 as expected in inoculated samples and around 5.3 log CFU g Ϫ1 for the control sample. After 4 weeks of storage, LAB flora determined on Elliker agar was up to 7 log CFU g Ϫ1 in the control sample and between 7 and 8 log CFU g Ϫ1 in all the inoculated samples.
Effect of the inoculated LAB on the sensory characteristics of shrimp (batches M and U).
Correspondence factorial analysis performed on the three levels of spoilage allowed the separation on the first axis (64% of total inertia) of strongly spoiled samples (Fig. 1 , right side) from nonspoiled samples (Fig. 1, left side) . Nonspoiled (upper part) and lightly spoiled (lower part) were discriminated on the second axis (36% of the inertia). Control samples after 7 days of storage were located in the area of nonspoiled samples. Most of the inoculated samples at 7 days were located in the same area, except samples inoculated with strain Lactococcus piscium EU2229, Lactobacillus fuchuensis EU2255, or C. alterfunditum EU2257, which were lightly spoiled. After 28 days of storage, control samples were located in the lightly spoiled (batch M) or strongly spoiled (batch U) part of the graph. Leuconostoc gelidum EU2247 and EU2262 prevented batches U and M from spoiling, these samples remaining in the left part of the CFA. For batch U, samples inoculated with Leuconostoc gelidum EU2213, C. alterfunditum EU2257, and to a lesser extent, Lactococcus piscium EU2229 and EU2241 were less spoiled than the control. The same strains, except EU2213, also had a positive effect on batch M but a little less pronounced, probably because the control was not totally spoiled at the time of analysis. Lactobacillus fuchuensis EU2255 did not reduce the spoilage for any batch considered.
At day 7, control samples for both batches exhibited typical odors of nonspoiled samples, i.e., rice/crustacean, boiled milk, and surimi/sulfurous for batch M and rice/crustacean, surimi/sulfurous, and roasted for batch U. Samples inoculated with Lactobacillus fuchuensis EU2255 and C. alterfunditum EU2257 both exhibited spoiling odors of dried fish and floor cloth for batches U and M. The other samples were not significantly different from the control, i.e., none of the Lactococcus piscium and Leuconostoc gelidum strains produced a particular off-odor in this matrix. After 28 days of storage, batch M (not inoculated) was lightly spoiled and characterized by rice/crustacean, yeast, and sour/fermented off-odors and batch U (strongly spoiled) was characterized by a high level of cheese/feet but also cabbage/gas and sour/fermented odors. Dominant sensory descriptors of each sample (control and inoculated) at day 28 are presented in Table 3 . Odors in samples inoculated with strains that prevent spoilage were not different from the respective unspoiled control at day 7. Strains that did not prevent spoilage exhibited more or less the same off-odors as in naturally contaminated products (day 28), but sometimes particular off-odors such as cabbage/ gas and floor cloth were produced (Table 3) .
Effect of four inoculated LAB strains on the sensory properties of CSS. The CFA performed on the sensory analysis results allowed the separation of nonspoiled, lightly spoiled, and strongly spoiled samples (data not shown). After 2 weeks of storage, the control sample was lightly spoiled, and it was strongly spoiled after 4 weeks. Samples inoculated by Lactococcus piscium EU2241 were the only ones scored as nonspoiled by the panel, after both 2 and 4 weeks of storage. Leuconostoc gelidum EU2262 did not modify the spoilage level after 2 weeks but totally prevented it after 4 weeks. In contrast, the sample inoculated by strain Lactococcus piscium EU2229 was nonspoiled after 2 weeks but was strongly spoiled after 4 weeks. Samples inoculated with Leuconostoc gelidum EU2247 were strongly spoiled at both weeks 2 and 4.
The principal component analysis performed with the scores of profiling tests presents the main odor characteristics for each sample. Figure 2 shows the projection of the sample on the first 1-2 plane. The first axis (50% of the inertia) is mainly characterized by descriptors such as smoke and butter on one side and cheese/feet, amine, acid/ vinegar, and sour/fermented on the other side. This component can be considered to be an axis of spoilage, as it groups together odors typical of freshly processed CSS on the right side and spoiling off-odors on the left side. Rubber and blue cheese odors on the upper part of the graph and herring on the lower part mainly defined the second component (20% of the inertia). The characteristic off-odors of the lightly spoiled control at week 2 were rubber and blue cheese. After 4 weeks, the control was highly spoiled and characterized by cheese/feet, amine, acid, and sour odors. The sample inoculated with Lactococcus piscium EU2241 retained butter and smoke odors (Fig. 2 , right side) typical of fresh CSS at both weeks 2 and 4, indicating a high preservation effect of this strain. At week 4, samples with Lactococcus piscium EU2229 and Leuconostoc gelidum EU2247 were similar to the control with strong cheese/feet, amine, acid, and sour off-odors. The sample inoculated by Leuconostoc gelidum EU2262 was similar to the control at week 2 (rubber and blue cheese) but moved to the lower right part of the principal component analysis, characterized by herring and smoke odors, at week 4.
Effects of inoculated LAB strains on endogenous flora of vacuum-packaged shrimp and CSS.
At the beginning of the experiment, the total mesophilic flora level in the control sample of batch U was around 3.5 log CFU g Ϫ1 , total psychrotrophic flora enumerated on LH agar was above 5.7 log CFU g Ϫ1 , and levels of Enterobacteriaceae were below the detection threshold of 1.7 log (i.e., 50 CFU g Ϫ1 ). The same results were recorded for the control sample of batch M, except that total mesophilic flora was below the detection threshold of 1.7 log (50 CFU g Ϫ1 ). After 7 days of storage, total mesophilic flora on vacuum-packaged shrimp revealed no differences between control and inoculated samples for batches U and M (approx. 3 to 4 log CFU g Ϫ1 ; mean of two experiments), except for samples inoculated with Lactobacillus fuchuensis EU2255, where the count was 4 log CFU g Ϫ1 higher than in the control. After 28 days of storage, total mesophilic flora in all samples reached 8 log CFU g Ϫ1 , and no significant differences between control and inoculated samples could be detected. Due to the unexpected rapid growth of psychrotrophic flora, counts could not be read precisely but reached a level higher than 8.7 log CFU g Ϫ1 after 7 days of storage on LH agar. After 28 days of storage, all inoculated samples showed a level of psychrotrophic flora of around 9 log CFU g Ϫ1 , dominated by the bioprotective strains as their growth was possible on LH, and they reached the same numbers on Elliker agar. Total psychrotrophic counts in controls M and U were significantly lower (P Ͻ 0.05), by 1 log. After 7 days of storage, levels of Enterobacteriaceae in batch M were above 5.7 log CFU g Ϫ1 . In batch U, levels of Enterobacteriaceae in all samples (control and inoculated) were around 4 log CFU g Ϫ1 . After 28 days of storage, levels of Enterobacteriaceae in all samples were approximately 8 log CFU g Ϫ1 . No differences were observed, after 7 or 28 days of storage, between levels of Enterobacteriaceae in control and inoculated samples for each batch, except for samples inoculated with strain C. alterfunditum EU2257, where they were approximately 2 log CFU g Ϫ1 lower than in all other samples. However, this inhibition could not be correlated with a sensory improvement of the product (data not shown).
Microbial analyses were performed to evaluate the effect of inoculated LAB strains on the microflora of naturally contaminated CSS. After 4 weeks of storage, the total psychrotrophic count reached 9 log CFU g Ϫ1 . This psychrotrophic flora was probably mainly constituted of marine gram-negative psychrotrophic bacteria, for which no specific culture medium is available, as all the other counts were far lower: B. thermosphacta was below the detection threshold of 2.7 log; Enterobacteriaceae and Lactobacillus counted on deMan Rogosa Sharpe (MRS) agar, total LAB, and yeasts reached 4.5, 5.6, 6.4, and 7.1 log CFU g Ϫ1 , respectively.
Although inoculated LAB strains can be enumerated on LH, their counts on Elliker were always lower than the total psychrotrophic count, and it was possible to observe an inhibitory effect of the protective culture. Total psychrotrophic counts were reduced by approximately 1 log in samples inoculated with Leuconostoc gelidum strains (EU2247 and EU2262) and by 2 log in samples inoculated with Lactococcus piscium strains (EU2229 and EU2241). Three inoculated LAB strains (Lactococcus piscium EU2229 and EU2241 and Leuconostoc gelidum EU2247) inhibited the growth of Enterobacteriaceae, keeping them under the detection threshold of 1.7 log (50 CFU g Ϫ1 ), whereas 7.1 log CFU g Ϫ1 was detected in the sample inoculated with Leuconostoc gelidum strain EU2262, indicating a synergetic effect of this strain. An inhibition of yeasts by more than 2 log was detected in the inoculated samples, except for those inoculated with Lactococcus piscium EU2241. A reduction of Ͼ1 log of MRS agar count was observed in samples inoculated with Lactococcus piscium strains. This medium supports the growth of bacteria from the genus Leuconostoc, so no conclusions can be made from the two samples inoculated with Leuconostoc gelidum strains.
Effects of two biopreservative LAB strains on inoculated pathogenic bacteria in shrimp.
Challenge tests with pathogenic bacteria were conducted for two biopreservative strains: Lactococcus piscium EU2241 and Leuconostoc gelidum EU2247. Listeria monocytogenes levels at inoculation were 2.6 Ϯ 0.2 log CFU g Ϫ1 (Fig. 3A) . After 7 days of storage, levels of Listeria monocytogenes in the control sample and the sample inoculated with strain Leuconostoc gelidum EU2247 were equivalent whereas the level in the sample inoculated with strain Lactococcus piscium EU2241 was 2 log lower (P Ͻ 0.05). After 3 weeks of storage, Listeria monocytogenes levels reached their maximum, 9.5 Ϯ 0.05 log CFU g Ϫ1 , and then remained constant. Listeria monocytogenes counts in coinoculated samples were significantly reduced (P Ͻ 0.02) by 2 log compared to the control sample, with a slightly better efficacy for strain Lactococcus piscium EU2241, and this reduction lasted till week 5.
S. aureus levels at inoculation were 3.4 Ϯ 0.3 log CFU g Ϫ1 (Fig. 3B) . After 1 week of storage, the pathogen strain was inhibited by 1 log (P Ͻ 0.01) by Lactococcus piscium EU2241. Although mesophilic, S. aureus grew rapidly in the control and reached 8.1 Ϯ 0.6 log CFU g Ϫ1 at week 3 and then entered a stationary phase. After 3 and 4 weeks, the S. aureus count was reduced by both LAB strains, the difference between control and inoculated samples being maximum with Lactococcus piscium EU2241 (2 log; P Ͻ 0.02). The temperature shift during the fifth week of storage induced an increase in the S. aureus levels in the samples inoculated with LAB strains, which reached the same level as in the control.
V. cholerae counts at inoculation were 2.0 Ϯ 0.3 log CFU g Ϫ1 . After 1, 3, and 4 weeks of storage at 8ЊC, V. cholerae counts were below the detection threshold of 1.7 log CFU g Ϫ1 . During week 5, after 1 week of temperature shift at 20ЊC, a rapid growth of Ͼ6 log was noticed. The effect of LAB could not be recorded because the level of Vibrio was much higher than anticipated in control and inoculated samples, above 5.7 log CFU g
Ϫ1
, and the dilutions used for enumeration were inappropriate.
DISCUSSION
The LAB strains tested in this work were isolated from seafood products and have already shown promising inhibitory activity in petri dishes (43) and liquid medium (unpublished data) against various pathogenic and spoiling gram-positive and gram-negative strains. However, these capacities had to be tested in a food matrix in order to determine the interest of these strains for biopreservation processes.
Microbial counts (total psychrotrophic flora on LH medium, Enterobacteriaceae, and LABs) in noninoculated shrimp are consistent with data found in other studies (20, 21, 44, 45) or slightly higher (38) . The endogenous LAB were the dominant flora at the end of the storage period in control samples. Although in a minority at the beginning of the experiment, Enterobacteriaceae grew on shrimp and reached 8 and 9 log CFU g Ϫ1 in control samples at day 28. (45) did not find such levels, but the products analyzed were different (cold-water shrimp packaged under modified atmosphere), which might explain this discrepancy.
Mejlholm et al. (2007)
All the bioprotective inoculated LAB grew well on vacuum-packaged shrimp and CSS at 8ЊC and rapidly reached 9 log CFU g Ϫ1 , making them the dominant flora during the first weeks of storage. At the end of the storage, LAB levels in inoculated samples were 1 log CFU g Ϫ1 higher than in noninoculated samples.
Leuconostoc gelidum was the best bioprotective bacterium tested in shrimp: two of the three tested strains (EU2247 and EU2262) totally prevented the appearance of spoilage for up to 28 days of storage for both batch U and batch M. This is a considerable extension, considering that the shelf life of this type of product is generally less than 2 weeks. Moreover, the panelists did not detect the presence of the strains, as no difference was observed at day 7 between control (nonspoiled) and inoculated samples while the LAB count was around 8 log CFU g Ϫ1 . Strains from the genus Leuconostoc have already shown promising results for the biopreservation of meat products (15) . One strain of Leuconostoc spp. isolated from VP herring (30) showed encouraging results for the inhibition of Listeria monocytogenes in shrimp extract medium, with a 2-log CFU g Ϫ1 reduction of the pathogen after 2 weeks at 5ЊC (31) . Biopreservation assays with Bifidobacterium breve have been performed (1) with raw peeled shrimp, but no significant effect of the inoculated cultures on the shelf life could be demonstrated. One Leuconostoc strain (EU2213) did not prevent spoilage of batch M. Variable spoiling effects among species and even strains are common (19, 41) . However, this strain extended the shelf life of batch U. Differences between batches may be due to variations in the spoiling microflora composition that still need to be identified.
Except for the rice/crustacean odor, the characteristic odors for fresh and spoiled products varied depending on batches: boiled milk and surimi/sulfurous for freshly processed batch M, yeast and sour/fermented when it was spoiled, surimi/sulfurous and roasted for freshly processed batch U, and cheese/feet and cabbage/gas when it was spoiled. Few other sensory analysis data are available for shrimp. Laursen et al. (38) and Mejlholm et al. (45) have shown results quite similar to those presented in this study in terms of shelf life for cold-water modified atmosphere packaged shrimp. However, the off-odors were described differently, as wet dog/chlorine-like and sour. The two Lactococcus gelidum strains EU2247 and EU2262 that extended the shelf life did not modify the characteristic odors of fresh shrimp. On the contrary, the most spoiled samples (inoculated with Lactobacillus fuchuensis EU2255) released strong cabbage/gas off-odors that were not detected in naturally contaminated products. Such odors have already been identified for many Lactobacillus strains in seafood products (58, 60) . Unexpectedly, Lactobacillus fuchuensis grew on plate count agar at 30ЊC, which also makes this strain unsuitable for a biopreservative application, as total endogenous mesophilic flora is a major indicator of hygiene quality during processing. C. alterfunditum EU2257 produced floor cloth and dried fish off-odors in both batches of shrimp after 7 days of storage. Laursen et al. (38) have observed that inoculation of shrimp by Carnobacterium divergens or Carnobacterium maltaromaticum strains at levels similar to those in this study led to sensory rejection of the samples. However, the off-odors were slightly different (chlorine-like). The spoiling status of Carnobacterium species varies among studies and is still under discussion (37). In naturally contaminated CSS, for instance, high levels of Carnobacterium have been found in nonspoiled products (25, 51) , and the organism did not lead to spoilage when inoculated in CSS (14, 51, 58) .
Four LAB strains (two Leuconostoc and two Lactococcus strains) were selected for the same kind of experiment in CSS. After 14 and 28 days, strain Lactococcus piscium EU2241 had a strong preservative effect, with twothirds of the panelists judging the sample nonspoiled and one-third judging it lightly spoiled after 28 days, whereas the control sample was considered to be strongly spoiled. The other Lactococcus piscium strain (EU2229) also had a biopreservative effect at 14 days, but this did not last to day 28. Specific odors of samples inoculated with Lactococcus strains were typical of the fresh product (butter and smoke), as can be found in the literature (32, 40) . Few Lactococcus strains have been tested for the biopreservation of seafood products. In the study of Wessel and Huss (67) concerning Lactococcus lactis, more emphasis was given to bacteriocin production and the inhibition of Listeria monocytogenes. The two Leuconostoc gelidum strains tested in the present experiment were less effective at preventing the spoilage of the product. Biopreservative strategies have been conducted with CSS (13, 23, 47, 68) but mostly against pathogenic bacteria such as Listeria monocytogenes. Concerning spoilage, most of the studies showed no protective effect of the inoculated LAB strains on the product (14, 51) , except one that involved a Carnobacterium sp. strain (40) .
The comparison of the sensory analysis results of the two experiments (vacuum-packaged shrimp and CSS) suggests a strong effect of the matrix on the biopreservative capacities of the strains: on average, the Leuconostoc gelidum strains were more protective than the Lactococcus piscium on vacuum-packaged shrimp, whereas the reverse was observed on CSS. The influence of the endogenous flora may also be predominant, as different results for different batches of the same products have already been observed by Leroi et al. (40) and in this study. This suggests that a biopreservative strategy should be designed specifically for each kind of product and even each factory.
In both products studied (vacuum-packaged shrimp and CSS), off-odor production was prevented for 28 days of storage at 8ЊC when protective strains were used. However, it was not possible to correlate the sensory improvement with the microbiological analyses, despite the fact that specific spoiling flora organisms strongly related to shelf life were enumerated: Enterobacteriaceae, B. thermosphacta, and Lactobacillus (42) . This lack of correlation has already been observed in CSS (25, 40) . It is also consistent with the fact that spoilage of lightly preserved fish products such as CSS and shrimp is due to a complex association of microorganisms (32, 38) and that no simple quality indicator is available for this kind of product. Einarsson and Lauzon (24) have shown that purified bacteriocins (nisin Z and the cell-free supernatant of Lactobacillus lactis SIK-83) enabled the shelf life to be significantly extended and in some cases a correlation between sensory shelf life and bacterial numbers (total mesophilic flora on plate count agar, incubated at 22 and 30ЊC) was observed.
Challenge tests were performed to investigate the ability of the selected strains to inhibit specific pathogenic strains. Listeria monocytogenes is a pathogen often associated with RTE foods and seafood (11, 17, 53) . Vibrio species are a recurrent problem in the aquaculture industry in tropical waters (26, 36) . Staphylococcus aureus is a common postcontamination pathogen that can be found in shrimp (63) . In the case of temperature breakdown in the cold chain, biopreservation may be a solution to inhibit the rapid growth of pathogens (44) . Listeria monocytogenes and S. aureus strains inoculated on shrimp during this study grew well on the product, but V. cholerae did not. Vibrios are mesophilic strains that do not grow or become viable but not cultivable at 4 or 8ЊC, and biopreservation may be necessary only in the case of a cold-chain failure, as illustrated by the growth of V. cholerae after 1 week at 20ЊC. The two biopreservative strains used in this experiment were Lactococcus piscium EU2241 and Leuconostoc gelidum EU2247. Listeria monocytogenes was reduced by 1 to 2 log by the presence of both LAB strains. The maximum difference with the control sample was obtained with Lactococcus piscium EU2241 and was around 2 log after 3 to 5 weeks. The European limit in food products that support growth of Listeria monocytogenes is 100 Listeria monocytogenes organisms/g until the end of shelf life (EC 2073/ 2005). The natural initial contamination level in shrimp and CSS is generally below 1 CFU/g (10, 27, 33, 63) ; thus, it is anticipated that the use of bioprotective bacteria will ensure the safety of those products with regard to Listeria monocytogenes. Tests in naturally contaminated batches are necessary to validate this hypothesis. Matamoros et al. (43) tested the bacteriocin production of those strains among a collection of 14 spoiling and pathogenic bacteria isolated from seafood and showed that Lactococcus piscium EU2241 was not a producer whereas Leuconostoc gelidum EU2247 (for which inhibition was less) produced a bacteriocin active against Listeria monocytogenes. It is generally admitted that bacteriocin production plays a major role in the inhibition of Listeria monocytogenes (22) and other pathogens (55) , and inhibition of Listeria monocytogenes by bacteriocin-producing LAB strains is well documented (2, 13, 47, 67) . Inhibition in a seafood matrix by a nonproducer of bacteriocin has been more rarely demonstrated (48) . Authorization for applying a bacteriocin-producing LAB in a food matrix is much more complex than for a nonproducer, so Lactococcus piscium EU2241 is a good candidate for biopreservation application. An inhibition of S. aureus was also recorded for both strains and was not due to a bacteriocin (43) . A difference of 2 log after 3 and 4 weeks was observed between control samples and biopreserved samples. Inhibition of S. aureus strains has already been demonstrated in agar diffusion assays by Lactococcus lactis, Enterococcus faecium, and Enterococcus mundtii strains producing bacteriocins isolated from seafood products (16) . To our knowledge, this type of inhibition has never been demonstrated before in seafood products. This study has shown the potential of five psychrotrophic LAB strains for the biopreservation of seafood products. Concerning pathogenic bacteria, we have dem-onstrated the ability of the protective LAB strains to inhibit the growth of Listeria monocytogenes and S. aureus. Inhibition could be due to bacteriocin production for Leuconostoc gelidum EU 2247, but other mechanisms seem to be involved for Lactococcus piscium EU2241. The psychrotrophic LAB have shown biopreservative abilities against both pathogenic strains and spoilage, which has never been reported before in seafood products. The use of these strains alone or in combination with other LAB strains, like C. divergens V41, showing a higher antilisterial effect (13), provides interesting perspectives for the development of biopreservation technology in RTE seafood products.
